ABSTRACT: Since the first successful triol-functionalization of the Anderson polyoxometalates, the six protons of their central octahedron X(OH) 6 (Xheteroatom, p-or delement) have been considered as a prerequisite for their functionalization with tripodal alcohols, and therefore, the functionalization of Anderson structures from the unprotonated sides have never been reported. Here, we describe the triol-functionalization of [Cr(OH) 
■ INTRODUCTION
Anderson polyoxometalates (POMs) are a class of transformable discrete polynuclear metal-oxo clusters, 1 which contain six edge-sharing pseudo-octahedrally coordinated MO 6 units (M = Mo or W) surrounding a central heteroatom X (p-or d-element). 2 The polyoxomolybdate (POMo) XMo 6 system incorporates a greater variety of heteroatoms than the respective polyoxotungstate (POT) XW 6 system, despite both being structurally identical. The physical and chemical properties of Anderson POMos and POTs are highly versatile and depend on the kind of the heteroatom, countercation, and its organic functionalization. The Anderson POMs are divided into two types according to the protonation state of the six triple-bridged oxygen atoms, μ 3 -O, connecting the heteroatom with the addenda atoms (Mo and W, respectively). The general formula of the non-protonated A-type is [X n+ M 6 O 24 ] (12−n)− with the heteroatom exhibiting its highest oxidation state (e.g., I
7+ , 3 Sb 5+ , 4 Te 6+5 ), whereas the fully p r o t o n a t e d B -t y p e h a s t h e g e n e r a l f o r m u l a [X n+ (OH) 6 M 6 O 18 ] (6−n)− with the heteroatom exhibiting lower oxidation states (e.g., Ni 2+ , 6 Co 2+ , 7 Fe 3+ , 8 Al 3+9 ). 1 For a long time, the partial protonation (number of protons less than 6) of B-type Anderson POMos and POTs was known only for Pt IV -centered anions, which usually do not possess an integer number of protons and tend to form dimeric structures via hydrogen bonds. 10 Recently, the mixed type anion [Cr(OH) 3 W 6 O 21 ] 6− was reported by Kortz 11 and our group; 12 however, the existence of a heteropolyanion with a molar ratio Cr/W = 1:6 was predicted back in the 1970s. 13 Xray analysis and bond valence sum calculations showed that in solid state [Cr(OH) 3 W 6 O 21 ] 6− contains an unprotonated "Aside" and a protonated "B-side" (three protonated μ 3 -O atoms). 11 Using an alternative synthetic procedure with a different component ratio (see the Supporting Information), Na 6 [Cr(OH) 3 (Tables S10 and S11) .
Among the various synthetic strategies for the organic functionalization of POMs, 14 alkoxylation has gained much attention because of the diversity and tunability of alkoxyl ligands, especially when using the disk-shaped Anderson type anions with a wide spectrum of central heteroatoms. 15 The resulting hybrid materials showed interesting application in the synthesis of bioinorganic hybrid materials, 16a,b supramolecular self-assembly, 16c charge storage, 16d metal−organic frameworks, 16e nanostructured materials 16f and photochemistry. 16g Since the first tris-alkoxo functionalized [RC(CH 2 OH) 3 , R = e.g., −NH 2 , −OH, −CH 2 OH, etc.] Anderson-type hybrid POMos were published, 17 there was a clear conviction that only B-type (protonated) POMs can be tris-functionalized as the incorporation of tris-ligands represents a nominal dehydrative condensation reaction, 17 where the protons of the POM's hydroxo groups are putatively replaced by carbon atoms of the organic ligand. Moreover, even in the case of the formation of a χ Anderson isomer, in which the ligand is anchored on two μ 3 -O atoms and one μ 2 -O atom, the addition of a stoichiometric amount of protons for the protonation of the μ 2 -O atom was considered necessary. 18 In contrast to the B-type clusters, tris-functionalized A-type anions have never been reported, but when the [IMo 6 2, 14, 22 Interestingly, the role of the protons is considered important for both synthetic routes, but their importance is even emphasized in the latter case, namely, during the self-assembly reaction starting from octamolybdate in the presence of the heteroatom and trisligand. 17 Hydrothermal reaction, which has been proven as an effective method for the preparation of POMs is rarely utilized for alkoxylation but was successfully applied for the trismodification of the fully protonated B-type POMo [Cr-(OH) 6 Mo 6 O 18 ] 3− . 23 Depending on the stoichiometric ratio between the parent anion and the triol-ligand, both single-and double-side POMos were obtained. 23 Attempts to obtain organically functionalized Anderson-type POTs were unsuccessful for a long period because of the inertness of the bridging oxygen atoms in the {WO 6 ) of all samples were recorded on a Bruker Vertex 70 IR Spectrometer equipped with a single-reflection diamond-ATR unit. Elemental analysis was performed with an iCAP 6500 series inductively coupled plasma-optical emission spectrometry (ICP-OES) spectrometer (Thermo Scientific, USA). The ICP-OES was equipped with a standard sample introduction system consisting of a concentric nebulizer and a cyclonic spray chamber. Transportation of sample solutions was performed by the peristaltic pump of the iCAP 6500 coupled to an ASX-520 auto sampler (Cetac, USA). Per element two sensitive and noninterfered emission lines were used, the first line for measurement and the second line for quality control. The water content was determined by thermal gravimetric analysis (TGA) with a Mettler SDTA851e thermogravimetric analyzer under nitrogen flow with a heating rate of 5 K min −1 in the region 298−1023 K. Mass spectrometry (MS) was performed with an electrospray ionization (ESI)-Qq-oaRTOF supplied by Bruker Daltonics Ltd. Bruker Daltonics Data Analysis software was used to analyze the results. The measurement was carried out in a 1:1 mixture of water/MeCN, collected in negative ion mode and with the spectrometer calibrated with the standard tune-mix to give an accuracy of ca. 5 ppm in the region of m/z 300−3000. The cyclic voltammetry measurements were carried out using a HEKA PG 390 potentiostat at room temperature. A conventional three-electrode glass cell of 3 mL capacity was used. A 2 mm diameter glassy carbon disk electrode was used as working electrode (GCE). A platinum wire served as the counter electrode and a normal hydrogen electrode served as the reference electrode. All solutions were deoxygenated using argon gas for 10−15 min prior to electrochemical experiments. X-ray powder diffraction was performed on a Bruker D8 ADVANCE diffractometer, Cu Kα radiation, λ = 1.54056 Å, LYNXEYE silicon strip detector and SolX energy dispersive detector, variable slit aperture with 12 mm, 8°≤ 2θ ≤ 50°.
X-ray Diffraction on Single Crystals. The X-ray data were measured on a Bruker D8 VENTURE equipped with a multilayer monochromator, Mo Kα Incoatec Microfocus sealed tube, and Kryoflex cooling device. The structure was solved by direct methods and refined by full-matrix least-squares. Nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were inserted at calculated positions and refined with riding coordinates. The following software was used for the structuresolving procedure: frame integration, Bruker SAINT software package 25 using a narrow-frame algorithm (absorption correction), SADABS 26 (structure solution), SHELXS-2013 27 (refinement), 28 and SHELXLE 29 (molecular diagrams). Experimental data and CCDC-codes can be found in Table S10 .
Inorganic Chemistry
Computational Methods. All density functional theory (DFT) calculations were carried out using Gaussian (G16 rev. B01). 30 The geometries and vibrational modes of all molecules were computed using unrestricted DFT using the hybrid exchange−correlation functional PBE0, 31 ,32 the def2-TZVP 33 basis set, and implicit aqueous solvation through application of the polarizable continuum model, 34 as this level of theory has been demonstrated to work well in predicting bond distances, nuclear magnetic resonance shifts, and relative protonation energies. 35, 36 An ultrafine integration grid with extra-tight convergence criteria was used in all computations. In addition, DFT calculations for the three isomers of [Cr-(OH) 3 W 6 O 21 ] 6− were also performed using PBE 37 and B3LYP 38, 39 as exchange−correlation functionals to gauge the influence of the functional, and the relative enthalpies between the three different methodologies differ by less than 1 kcal/mol (see Table S13 ). For all Cr(III) species, a multiplicity of 4 was assumed. Spin contamination was found to be less than 10% for all species. Energies and optimized geometries are provided as the Supporting Information. Syntheses. All materials were purchased from Sigma-Aldrich and used without further purification. 6− is possible under hydrothermal conditions at a synthesis temperature of 140°C leading to the formation of CrW 6 -tris-R (R = −C 2 H 5 , −NH 2 , −CH 2 OH). At 150°C, the crystallization of a mixture of single-and double-side decorated anions is observed, whereas at 160°C, the crystallization of solely the double-functionalized product CrW 6 -(tris-C 2 H 5 ) 2 occurs (Scheme 1). A further increase in the synthesis temperature leads to the decomposition of the ligand. This synthetic route indicates that the temperature is the key factor in the formation of the double-side product. All hybrid POTs were crystallized as their alkali salts, namely, Na 3 CrW 6 -(tris-C 2 H 5 ) 2 ·13H 2 O (CCDC 1842741), K 3 Na 3 CrW 6 -tris-C 2 H 5 ·17H 2 O (CCDC 1842742), Na 5 CrW 6 -t r i s -N H 3 · 1 7 H 2 O ( C C D C 1 8 4 2 7 3 9 ) , a n d Na 4 (C 4 H 12 N) 2 CrW 6 -tris-CH 2 OH·19H 2 O (CCDC 1842740). The successful double-sided functionalization can be followed visually by the color of the crystals, as single-side alkoxodecorated compounds are of pine green color, while the double-side decorated Na 3 CrW 6 -(tris-C 2 H 5 ) 2 ·13H 2 O exhibits a pink color, which is characteristic for anhydrous chromium-(III) salts indicating a different Cr 3+ coordination sphere compared with CrW 6 -tris-R. 6− proves the crucial role of the synthesis temperature.
Because the introduced organic ligands present active functional groups, Anderson-type hybrids can be utilized as precursors for further post-functionalization via imine, amide, or ester bond formation. The post-functionalization of CrW 6 -tris-NH 2 with cinnamic acid in acetonitrile was performed using a well-established protocol. 2 The successful formation of a new hybrid can be seen in the ESI-MS spectrum of the reaction mixture ( Figure S10 , Table S7 ).
Both double-side and single-side decorated compounds show the characteristic Anderson-type structure with six edgeshared WO 6 arranged hexagonally around the central CrO 6 . The Cr−O bond lengths are in the range of 1.947 (6) 24 Mechanistic Proposal. For real-time observation of the self-assembly of CrW 6 -(tris-C 2 H 5 ) 2 under hydrothermal condition, aliquots for ESI-MS of the reaction solution were taken after 12, 24, and 48 h from the moment the reaction had been started. The measured spectra for all time intervals contain the same peaks with slightly different intensities, which can be assigned to the target compound CrW 6 -(tris-C 2 H 5 ) 2 (m/z = 568.6 for triple-charge, m/z = 853. 4 9− (CrW 6 ) in aqueous solution. The nonprotonated anion CrW 6 was optimized, and the most nucleophilic O atoms according to their molecular electrostatic potential were found to be the μ 3 -O atoms (see Figure S14) . Moreover, the enthalpies of the [Cr(OH) 1 (9−x)− (x = 0−6) were structurally optimized and the relative energies computed as protonation enthalpies (Tables S14−S16). The only isolated 11, 12 ( Figure 1) . The relative enthalpies of these isomers are shown in Figure 1 The estimated enthalpies of protonation (Table 1) were calculated based on a reaction with aqueous H + , using the absolute aqueous enthalpy of the proton as determined by Coe and co-workers 
The enthalpy of protonation decreases by 40 kcal/mol when proceeding from the unprotonated to the penta-protonated anion, reflecting at least in part the decreasing charge of the cluster ion. The estimation with sufficient accuracy of the absolute pK a 's of the different isomers using computed free energies of protonation is often difficult, even for organic molecules and is not attempted here. It is, however, interesting to note that while the protonation enthalpy changes by ca. +6− 7 kcal/mol for each added proton in most cases, the addition of a proton to the tri-protonated species is +14 kcal/mol larger than the addition of a proton to the di-protonated species, which may well give an indication as to why in particular the tri-protonated species is generally observed experimentally.
Mizuno et al. 41 proposed a mechanism for the alkoxylation of lacunary Keggin anions [A-α-XW 9 O 34 ] 4− (X = Si, Ge) involving the instantaneous protonation of oxygen atoms followed by a dehydrative condensation reaction, which could also be a possible mechanism for the formation of CrW 6 -(tris-C 2 H 5 ) 2 (Scheme 2B) considering the fact that mono-and diprotonated CrW 6 -tris-C 2 H 5 were present in the ESI-MS spectra (m/z = 835. 3 , respectively. The double-side capping effect enhances the stability of the complex and leads to an almost complete absence of decomposition fragments, which are usually unavoidable in POM MS spectra. 42 The ESI-MS spectra of the CrW 6 -tris-R structures represent a more complex character exhibiting a peak envelope, which can be unambiguously assigned to the doubly-charged anions Na 4−x H x CrW 6 -tris-R (Figures S6−S8, Tables S2−S4 , Supporting Information).
Electrochemistry. The electrochemical behaviors of the single-side functionalized CrW 6 -tris-C 2 H 5 and double-side functionalized CrW 6 -(tris-C 2 H 5 ) 2 have been studied by cyclic voltammetry ( Figure S13 ). For CrW 6 -tris-C 2 H 5 , one irreversible oxidation wave is observed at 0.480 V and attributed to the Cr VI/III couple. 43 In the cathodic domain, two successive reductions at −0.259 and −0.455 V have been measured (Figure S13A ), corresponding to the reduction of the central Cr ion (Cr III/II and Cr II/0 couples). 43 The cyclic voltammogram of CrW 6 -(tris-C 2 H 5 ) 2 does not exhibit either oxidative or reduction processes ( Figure S13B) . The more concealed position of Cr in the double-side decorated anion most likely affects the absence of redox waves in the case of CrW 6 -(tris-C 2 H 5 ) 2 Figure  S1 , Table S1 , Supporting Information). The characteristic peaks of the core structure in CrW 6 -(tris-C 2 H 5 ) 2 and CrW 6 -tris-R (R = −C 2 H 5 , −NH 2 , −CH 2 OH) are all in agreement with the peaks observed in the spectrum of Na 6 [Cr-(OH) 3 11 The stretching vibrations of the terminal WO units appears within the range of 936−932 cm 
■ CONCLUSIONS
In conclusion, for the first time, we organically functionalized the Anderson POT from two sides and showed that the double-side functionalization is possible even in the case when the parent inorganic anion state exhibits only three protons in the solid. It was generally accepted that it is not possible to graft triol ligands onto the Anderson anions, which represent unprotonated μ 3 -O atoms in their structures as confirmed by single crystal X-ray analysis. By varying the synthesis temperature, both the double-and single-side tris-modified Cr-centered Anderson POTs have been obtained in good yields (>60%). DFT studies revealed the fac 1 -[Cr-(OH) 3 
